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ABSTRACT
INTRODUCTION
Unconventional gas includes natural gas extraction from coalbeds, low-permeability sandstones, and shale formations. Unconventional gas reservoirs have become an increasingly important source of U.S. domestic production of the past decade. Over the next two decades, the role of unconventional gas in meeting the nation's energy needs is projected to increase by approximately 60%.
1 Therefore, it is necessary to develop tools that make it possible for producers to exploit this important resource.
In horizontal coalbed methane wells, the principal benefit is that the borehole can be controlled with respect to the principal permeability directions of the coal seam. This improves production by using the natural fracture network which enhances the rate of water production and accelerates the gas production compared to a vertical well. While there is a significant potential in gas recovery in horizontally drilled wells verse vertically drilled wells, a technical and economical evaluation should be completed before deciding which technique is best suited for the reservoir.
There is no simple/easy to use methodology for predicting the production performance of the horizontal well in unconventional reservoirs. The conventional horizontal well decline curve methods cannot be used to predict production behavior due to the complex nature of unconventional reservoirs. Production from coalbed methane (CBM) reservoirs is controlled by the complex interaction of gas desorption from the coal matrix and two-phase flow of gas and water through the cleat system. The performance of CBM and shale reservoirs can best be predicted by numerical reservoir simulators that account for various mechanisms that control the gas production.
The use of reservoir simulators to evaluate CBM prospects at early stage of development is difficult, time consuming, and expensive due to lack of sufficient data. Type
Curves provide a simple and yet reliable alternative to simulation. However, there are no type curves available for horizontal wells in CBM reservoirs.
LITERATURE REVIEW

Horizontal Wells
The use of the directional (horizontal) wells is not a new idea but advances in technology have drastically changed its efficiency. The technology itself dates back to 1891, when the first patent was granted for equipment to be placed in a horizontal hole from a vertical well.
14 A directional drilled well is defined as a well bore that intersects a potentially productive formation and does not exit the formation for the remaining footage drilled. This is completed by drilling a conventional vertical well and then at a determined "kick off" point (KOP) the well is deviated from the vertical so that the well bore enters the formation roughly parallel to the formation.
In horizontal coalbed methane reservoirs, the principal benefit is that the borehole can be controlled with respect to the principal permeability directions of the coal seam. The well is placed normal to the highest permeability which is perpendicular to the face cleats. This improves production by using the natural fracture network which enhances the rate of water production, and accelerates the gas production compared to a vertical well. While there is a signification potential in gas recovery in horizontally drilled wells verses vertically drilled wells, a technical and economical evaluation should be completed before deciding which technique is best suited for the reservoir. The pseudo-steady state equation for a horizontal well is given as:
In There has been type curves developed for predicting horizontal well production. The dimensionless groups investigated were developed for predicting horizontal well production for an unconventional finite and infinite reservoir.
In equation 2.3 and 2.4, the dimensionless cumulative production and time was base on the drainage area. Figure 2 illustrates the effect of horizontal well penetration on long term production behavior of the horizontal wells. Figure 3 compares the performance of a horizontal well in a square drainage area versus a rectangular drainage area when the direction of the well coincides with the longer side of the rectangle. The drainage area for a horizontal well approaches an elliptical shape. As a result, the performance of the horizontal well in a drainage area is improved over a square drainage area 16 . The horizontal well penetration and the geometry of the drainage area influence the type curves. As temperature and time progressively change the molecular structure of coals, a point is reached where thermogenic methane is evolved in large volumes, micropores develop to store extraordinary amounts of methane per unit of coal, and fractures permeate the coal to transport the excess methane. 5 Thus, methane is generated to be stored and dissipated over geologic time.
As the coal progresses through the maturation process, physical and chemical properties of the coal change. A rank is used to define these points of maturity. Rank is a portent of success of any prospective CBM project because it implies the potential of gas content, permeability and mechanical and physical properties of the coal. Rank may vary 8 content, permeability and mechanical and physical properties of the coal. Rank may vary laterally and vertically within a seam, and it varies from seam to seam within a given coal group. 6 Designation of rank as a measure of coal maturity is given in Table 2 . Coals are divided into lignite, sub bituminous, and anthracitic classes, and further subdivided into an additional 13 groups. Coals of the bituminous class are most sought after for CBM drilling.
Specifically, coals of hvAb through lvb are best. In these classes, retention capabilities have been improved and more gas has been generated at this point in the coal maturation process.
Also, physical properties and mechanical properties of hvAb through lvb coals have the greatest potential for being a reservoir as shown in Table 2 and Figure 6 . 
Adsorption
Gas produced from coalbeds may be initially higher in methane than the gas produced from conventional reservoirs. Ethane and heavier, saturated hydrocarbons are more strongly absorbed than methane. There is a contrasting difference in the mechanics of gas storage for conventional and unconventional reservoirs. Instead of occupying void spaces as a free gas between sand grains, the methane is held to the solid surface of the coal by absorption in micropores. There is some free gas stored in the natural fractures of the coal and some methane dissolved in the water in the coal, but the bulk of the methane comes from the micropores. The absorption mechanics creates the inconsistency of high gas storage in a reservoir rock with a porosity less than 2.5%. 7 When the water is removed, lowering the hydrostatic pressure on the coal, the absorbed gas is released. This pressure is called the critical desorption pressure (P c ).
The Langmuir equation fits the absorption data of methane on coal and is used exclusively in the CBM process. The model is such a close fit of the absorption data of all coals that the use of the Langmuir equation is universal in the industry. As pressure in the coal seams increase with depth, the capacity of the coal for absorbing more methane improves.
…………………………….… (2.9)
G c = Gas Content V L = Langmuir volume constant (Scf/ton) P L = Langmuir pressure constant (psia) P = pressure (psia)
Porosity
Coal has a dual porosity system. Macropores are the spaces within the cleat system and other natural fractures essential for the transportation of water and methane through seams but are relatively unimportant for methane storage. The storage space of the cleats and other natural fractures contain water, free methane, and methane dissolved in water, but primarily the porosity of the macropores determines the storage capacity for water.
Coal usually has a porosity ranging from .1 to 10%. Although the coals porosity may be only 2% in the cleat system, it may have a storage capacity for methane in the mircopores equivalent to that of a 20% porosity sandstone with 100% gas saturation at the same depth.
11
This system allows for a very large volume of methane to be stored in the coal's micropores despite a low porosity percentage.
Permeability
Permeability is the most critical parameter for economic viability of a gas-containing coal. The network of natural fractures must supply the permeability for commercial flow rates of methane. It is also the most difficult parameter to evaluate accurately. Therefore, the frequency of the natural fractures, interconnections, degree of fissure (cracks), aperture direction of butt and face cleats, water saturation, depth, and in-situ stress all have an effect on permeability. 12 In coalbed methane, there is a two phase flow regime in the interconnected cleat network.
When this is present, effective and absolute permeability take place in order to separate the two fluid flows in the porous media. The effective permeability is the ability to preferentially flow or transmit a particular fluid when other immiscible fluids are present in the reservoir.
Absolute permeability is the measurement of the permeability conducted when a single fluid or phase is present in the rock. The depth of the coal affects the permeability. According to the Langmuir isotherms of coal, more gas can be absorbed as pressure increase do to depth.
Higher formation pressure would be beneficial for gas production but coal's permeability generally decreases with depth.
The characteristics of the cleats are the most important attribute of a gas-containing coal.
The fluid moves in a winding path through both butt and face cleats with continuity favoring the face cleat. An increase in the number of cleats per unit volume improves the permeability. Cleat aperture opening as well as length or continuity of the cleat also impacts the permeability. But an issue with high cleat densities creates a brittle coal susceptible to damage from drilling, completions, and hydraulic fracturing.
The cleat system of coal is a function of the historic tectonic action and its timing, rank, and mineral matter content. Usually low-volatile bituminous coal has the most developed network of cleats. The permeability anisotropy of the butt and face cleat system has a significance in orientation and in spacing of wells. Ideally the horizontal lateral would be orientated perpendicular to the face cleats to intersect the most joints and to increase drainage area. Wells drilled perpendicular to the face cleats are reported to produce 2.5 to 10 times more gas than non-perpendicular wells. 13 The relative permeability characteristics have significant impact on gas and water production from a coal reservoir because two-phase flow conditions particularly in the early stage of production. A set of published data of relative permeability have been found for a number of coal basins. 15, 21 A set of equations have been used to generalize CBM relative permeability characteristic s.
……………. (2.10) 1
………………..… (2.11)
To investigate the impact of relative permeability on the type curves, the constants in equations 2.8 and 2.9, the parameters m' and n' were varied over a range of one to four. The impact of the constant k was found not to be significant. However, the gas production type curves were found to be influenced by m' and n'. 21 The exponent n' used in Equation 2.10 is called the Corey Gas Factor and for Equation 2.11 m' is the Corey Water Factor.
The relative permeability data for CBM reservoirs are difficult to obtain and cannot be accurately measured in laboratory due to difficulties in obtaining a representative coal samples from the reservoir. The only practical method to obtain realistic relative permeability values is by history matching. If production history has not been initiated or the history production is limited, the relative permeability has to be assumed.
Gas Flow
The difference between conventional and unconventional reservoirs is the mechanism of gas flow though the formation to the wellbore. For coal, an additional mechanism of gas diffusion through the micropores of the coal matrix is involved. The mass transport depends upon a methane concentration gradient across the mircopores as the driving force. Upon encountering a fracture or a cleat, the gas will flow according to Darcy's law as in a conventional reservoir where the mass transport depends upon a pressure gradient. 8 When the well is first drilled, water will fully occupy the cleat space. In the terms of the Langmuir isotherm, the cleats may be under saturated with respect to the gas, and some water must be removed to lower the pressure and initiate desorption as mentioned before. The time period that is required for the pressure disturbance to reach the boundary in Phase I is called infinite acting.
As the water is produced with time, (Phase II), a two-phase flow regime near the wellbore is established. The gas flow in this early two-phase flow regime is followed by pressure drops deeper within the seam as more water is produced. Gas relative permeability improves rapidly as the water saturation increases. In the case of a rectangular drainage area, as soon as the disturbance is created, the well will see the closest boundary first. Then it will see the second boundary, and then it will start the depletion state. A time period where the well has seen one boundary, but not the other, is called the transition time.
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The last stage, Phase III, is where both boundaries are seen and after this point the well is producing in a pseudo-steady state. The gas moves through the cleats accompanied by a small amount of water or the water is negligible. 
Type Curves for Coalbed Methane
The type curve can serve as a simple but yet reliable engineering tool to predict the production performance during the preliminary evaluations. The type curves are not meant to replace reservoir engineering calculations but rather give the operator an idea how the well may produce throughout the life of the well. The type curve can be used for conventional graphical type curve matching in order to determine the reservoir parameters when production history is available. Another way of utilizing the type curve is when the reservoir parameters are already established. In this case, the type curve is used to predict the production performance of the horizontal well.
There has been some research and developments/research for type curves in vertical and conventional wells. To develop a type curve, the production history must be converted to dimensionless rate and time and then plotted in a log-log scale. An example of a type curve for a vertical CBM well is shown in Figure 8 . The dimensionless group is used to eliminate the effects of different gas rates, time, and area of the reservoir.
To develop unique dimensionless type curves for unconventional reservoirs, groups of vertical and conventional horizontal wells were evaluated to develop the best match.
The first set of dimensionless groups investigated was: ………………………………… (2.12)
………………………………….. (2.13)
In equations 2.12 and 2.13, q is the gas production rate, q peak represents the maximum or peak gas rate, and Gi is the initial gas in place. The initial gas in place can be calculated from the following equa o ti n.
43560
………………..…… (2.14)
The reason the coal bulk density is not included in the equation as usual is because the Eclipse modeling program uses different units, Mscf instead of Scf, for G c . Therefore the bulk density is included with G c . Equations 2.11 and 2.12 have been used in predicting the performance of vertical CBM wells in previous studies 15 .
The type curves can be used as a quick tool to predict gas production for evaluation of a prospect well. To do this, it is necessary to estimate q peakD and G i for gas production predictions. Equation 2.13 can be used to calculate Gi. However, estimation of q peakD is more complicated due to the two-phase flow conditions. To overcome this problem, the variation of q peakD with various parameters was investigated to develop a correlation. First, a dimensionless group for q peakD was developed to simplify the correlation. 15 The dimensionless peak gas rate is defined in Equation 2.14 for vertical wells.
……….. (2.15)
In Equation 2.14, p c is the critical gas desorption pressure which is the pressure at which gas desorption from the coal matrix into the cleat system begins. It can be determined from the point on the Langmuir isotherm corresponding to the initial gas content. Gas viscosity and z-factor should be estimated from the critical desorption pressure. 
Numerical Models and Assumption
Production decline curves are usually used to forecast the recovery factor, future revenues, and well performance. The conventional decline curve methods cannot be used to predict CBM production because of the complex nature. Production from CBM reservoirs are controlled by the interaction of gas desorption form the matrix and two-phase flow of gas and water through the cleat system. The performance of CBM can be best predicted by using numerical reservoir systems that account for various mechanisms that control CBM production.
Before the simulation was performed, an intensive literature review was conducted to identify the range of parameters to be used in the base model for the parametric study. When one or more key parameters are not available, it is necessary to perform a Monte Carlo simulation to establish a reliable estimate of production potential to evaluate the risk. Monte
Carlo methods are a class of computational algorithms that rely on repeated random sampling to compute their results. Because of their reliance on repeated computations and random or pseudo-random numbers, Monte Carlo methods are most suited for calculation by a computer. However, it is time consuming, costly, and cumbersome to conduct Monte Carlo simulation or parametric studies with a reservoir simulator.
After the literature review was conducted and the parameters established, the best model to use was the Schlumberger Eclipse Reservoir Simulator. Although the "Eclipse Office"
CBM template is not a dual porosity model, it models a single porosity reservoir with desorption. With desorption present the model represents accurate and realistic results.
The Coalbed Methane Template model allows you to quickly set up an Eclipse model.
With the coalbed methane template, the user can set up a reservoir simulation model without knowledge of the simulator input files or keywords. It allows the user to set up models with relatively simplified geology to study advanced well completion designs with no mapping required. It can be used to study the comparative value of simple vertical completions, hydraulic fracture enhancements, and single or multi-lateral horizontal completions.
• The initial coal gas concentration is an optional input. By default the initial coal gas concentration is defined by the Langmuir Isotherm which defines the relationship of gas concentration as a function of pressure. In the non-equilibrium initialization case pressure is constant. The initial coal gas concentration input can be used to define an under-saturated coal. In an under-saturated coal case, gas will not be desorbed from the coal until the pressure drops below the saturation pressure. The saturation or equilibrium pressure will be defined as the Langmuir pressure that corresponds to the input of the initial coal gas concentration.
The coalbed methane option in Eclipse assumes that the gas absorbed within the coal matrix diffuses to the matrix-fracture interface and subsequently desorbs into the fracture network using a Langmuir Isotherm as a boundary condition. The concentration of gas absorbed on the coal surfaces at the matrix-fracture interface is assumed to be a function of pressure only, as described by the Langmuir equation. The movement of gas from within the coal matrix to the fracture is described with a diffusive flow equation.
OBJECTIVE AND METHODOLGY
The objective of this research was to develop production type curves for horizontal wells in unconventional reservoirs. This will be achieved by the following steps:
1. Development of a basic reservoir model to predict gas production profiles for horizontal wells completed in a CBM reservoir.
2. Evaluate the impact of various reservoir parameters on the type curves.
3. Development of sets of production type curves for horizontal wells in CBM reservoirs.
4. Development of a methodology to use type curves as a tool for predicting gas production from CBM reservoirs.
5. Investigate the application to unconventional shale reservoirs.
Base Model Development and Assumptions
The base model was developed for an under-saturated CBM reservoir with the well configuration as shown in Figure 9 . The parameters used to develop the base model were selected from previous publications. 15 The area of 83 acres was used for the simplicity for entering the length and width into the simulator that would give a ratio of 2 to 1. The base model was developed from the horizontal well shape factor because the drainage area shape (Xe/Ye), well penetration (L/Ye), and dimensionless well length (L D ) are all major parameters in the production analysis development. The permeabilities are also different for the x and y directions to model the face and butt cleats. As a result of coal being anisotropic, the horizontal well was drilled perpendicular to the direction with the highest permeability, that is, in the y-direction. All the parameters can be seen in Table 4 . 
Model Parameters
In order to establish the unique type curves, the impact of the reservoir parameters were investigated. Parameters were changed through a range of values in order to compare the different drainage areas using the same L/Ye ratio while changing one variable at a time.
Throughout the investigation the critical desorption pressure was held constant at 350 psia.
The permeability values for each direction were changed at a constant ratio of 1:3 (1/3 of the maximum permeability; x = 3.3md, y = 10md). The simulation was run with varying the permeability ranging from 5 to 20md in the y-direction. The relative permeability characteristics have significant impact on gas and water (n' and m') production because of the two-phase flow conditions. Also, Langmuir pressure has a significant impact until the Langmuir pressure is above or equal to the reservoir pressure since the pressure is equivalent to where the gas is desorbed.
The list of parameter changes can be seen below in Table 3 . 
Evaluating Different Dimensionless Groups for Type Curve Development
Having different flow regimes from vertical wells, one unique type curve will not be sufficient or accurate. The assumption is that two different dimensionless groups will be needed. The first dimensionless group will be needed for the first phase (linear flow) up to the peak gas production. Once the next flow regime is reached (elliptical) another dimensionless group will be used to predict the rest of the wells life.
When developing the unique type curves, equations 2.3 thru 2.6, 2.12, and 2.13 were used to generate different sets of curves. After evaluating the different dimensionless groups the results verified that there was a need to have two different sets of unique type curves.
This is a result of the two flow regimes that the horizontal well encounters during production.
The first dimensionless group represents the linear flow regime. As described before the linear flow is present up to the peak production. When evaluating the different dimensionless groups, there was not a unique type curve to match the production during the The production is dependent on the length of the well when it is in the linear flow regime.
Regardless of the reservoir area, if the lateral length or L/Ye ratio are the same the type curves match for the linear phase only as shown in Figure 10 .
The second dimensionless group represents the elliptical/radial flow regime. It is present after the peak production rate to the end of the wells life. When evaluating the different dimensionless groups, the group that had the best match has been used in previous research for vertical CBM production predictions. This unique match is because the horizontal well flow is similar to that of a vertical well. Equations 2.12 and 2.13 represent the best type curve for the second flow regime as shown in Figure 11 .
Methodology for Application of Type Curve for Production Prediction
It is necessary to estimate q peakD for gas production predictions as explained earlier. The equation defines the dimensionless peak gas rate for horizontal wells as:
A linear multiple regression analysis was performed to develop the correlation. To achieve the best fit, reservoir parameters with significant impact on q peakD were correlated in various combinations. The parameter used were porosity, critical desorption pressure, Langmuir pressure and volume, ky/kx ratio, and L/Ye ratio. The selections of these parameters are important because the gas production relies on these reservoir parameters. 
Case study for Verification
To evaluate the reliability of the gas production type curves and the correlations for q peakD , a case study was performed. A set of reservoir characteristics summarized in Table 5 were used as inputs into the reservoir simulator to generate the production history. These production histories were used to compare against the predictions from the type curves using the peak gas rate. 
Application to Shale
After the two sets of dimensionless groups were developed for the unconventional CBM reservoir a comparison was completed with an unconventional shale reservoir. This was evaluated by first making simulation runs with the CBM template starting at equilibrium.
These comparisons were run to see if the dimensionless groups used would also have similar unique type curves for a shale reservoir.
The same parameters used for the equilibrium CBM run were then used in the Eclipse
Office Shale template. The dimensionless groups did not show any results for a unique type curve. Even though CBM and shale are both unconventional reservoirs, both have adsorbed gas in their respective matrix and the adsorbed gas is released by lowering the reservoir pressure, there is no similarities in the type curves. There will have to be further studies and research completed to develop an accurate and reliable set of type curves for a shale reservoir. 
RESULTS AND DISCUSSION
The CBM production prediction tool developed in this study can serve as a quick and reliable tool for production performance, prediction, and production data analysis. The results of the impact of the various parameters are shown below for all rectangular drainage area.
The first set of simulations took into account the effect of porosity on the production from horizontal CBM wells. The porosity was varied from a range of 1% to 2%.
. Figure 13 illustrates the effect of the porosity change for the linear flow regime on the type curve. Although the porosity is the primary source for methane storage in the micropores the effect of variation on the porosity is minimal when the dimensionless groups were introduced for both the early and late production. Figure 14 illustrates the effect of the porosity in the elliptical flow regime. From the result for Figure 25 , the predicted production rate from the type curves closely match production from the simulation concluding the correlation developed for q (peakD) can provide reliable results.
The cumulative gas production should be compared for the economical evaluation because the peak gas rate is normally a short period of time and can have significant deviation. Due to the short time to reach q peak the cumulative production corrects the deviation between the gas rates for the early years of production. Figure 26 shows that the cumulative production is very similar for 1000 days (about 2 years) and the percent error is reduced for 21% from the peak to 3.6% on the cumulative production. 
CONCLUSIONS AND RECOMMENDATIONS
The main focus of this research was to develop a set of type curves that could be used by independent producers to evaluate and predict production data for unconventional horizontal wells. The research took into account reservoir parameters to determine the impacts on production. Based on the results, the following conclusions and recommendations were made:
1. The effects of porosity, Langmuir pressure and volume, permeability, and L/Ye ratio were studied to evaluate their impact on type curves. The impact of these parameters had minimal effect on the type curves.
2. Two dimensionless groups are needed for developing type curves for horizontal CBM wells.
3. Unconventional shale gas reservoirs cannot use the same type curves 4. A reliable correlation for predicting the peak gas rate for CBM was developed that allowed the type curves to be used as a tool for predicting production.
Even though CBM and shale are both unconventional reservoirs, both have absorbed gas in their respective matrix and the absorbed gas is released by lowering the reservoir pressure, there is no similarities in the type curves. Further studies need to be completed to develop more in depth and reliable type curves for horizontal unconventional shale reservoirs. This research can be helpful in the development and implications of new technology and growth for unconventional gas reservoirs. The results lead to a quick and reliable tool for estimating the gas production for independent gas producers. 
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